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SUMMARY 
The res idua l  bromine g raph i te  i n t e r c a l a t i o n  compounds o f  h igh  modu us 
pi tch-based f i b e r s  (Amoco P-55, P-75, P-100, and P-120) were formed and t h e i r  
res is tances were monitored under a va r ie t y  o f  environmental cond i t ions .  A 
th resho ld  g r a p h i t i z a t i o n  was observed below which the  brominat ion reac t  on does 
no t  occur t o  an apprec iab le ex ten t .  The g r a p h i t i z a t i o n  o f  t he  P-55 f i b e r s  
f a l l s  below t h a t  threshold,  prec lud lng an extens ive reac t i on .  The P-75, P-100, 
and P-120 f i b e r s  a l l  form brominat ion compounds which a r e  s t a b l e  a t  ambient 
cond i t ions ,  under vacuum, and under high humid i ty  (100 percent  humid i ty  a t  
60 "C). The thermal s t a b i l i t y  o f  the r e s i s t i v i t y  increased w i t h  decreasing 
g r a p h i t i z a t i o n ,  w i t h  the  s t a b l e  temperature f o r  P-120 being 100 O C ;  f o r  P-100, 
200 "C;  and f o r  P-75, 250 "C.  When c o s t  i s  a cons idera t ion ,  brominat ion o f  
p i tch-based f i b e r s  i s  an economical way t o  achleve low r e s i s t i v i t i e s .  
INTRODUCTION 
Graphi te  f i b e r s  a re  an a t t r a c t i v e  m a t e r i a l  f o r  t he  aerospace indus t r y .  
The i r  h i g h  s t reng th  and low dens i t y  make them i d e a l  as a replacement f o r  many 
metal  components. I t  i s  n o t  surpr is lng ,  there fore ,  t h a t  graphi te/epoxy and 
graph i te /po ly imide  composites a re  belng used I n  i nc reas ing l y  l a r g e r  percentages 
of modern a i r c r a f t  and spacecraf t .  
There a re  some s t r u c t u r a l  components which he re to fo re  have remained 
m e t a l l l c  because g raph i te  f i b e r  compos!tes l ack  the  necessary e l e c t r i c a l  
c o n d u c t i v i t y .  
c o n d u c t i v i t i e s  i s  by improving the  graphi te  f i b e r  c o n d u c t i v i t y  p r i o r  t o  com- 
p o s i t e  f a b r i c a t i o n  through the  process o f  i n t e r c a l a t i o n .  
r e c e n t l y  t h a t  bromine forms a compound w i t h  h i g h l y  g r a p h i t i c  p i tch-based f i b e r s  
which I s  i n d e f l n i t e l y  s t a b l e  i n  a i r ,  vacuum, h igh  humid i ty ,  and temperatures up 
tu 200 "C ( r e f .  I ) .  
One o f  the  most promising approaches t o  improving the  composite 
I t  has been shown 
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These p a r t i c u l a r  f i b e r s  (Amoco P-loo), w h i l e  s u i t a b l e  f o r  brominat ion,  a re  
l i m i t e d  i n  t h e i r  a p p l i c a t i o n  because o f  t h e i r  h igh  cos t ,  and unique mechanical 
p roper t i es  ( r e f .  2) .  While use fu l  for s t i f f n e s s - c r i t i c a l  app l i ca t i ons ,  t h e i r  
s t r a i n  t o  f a i l u r e  r a t i o  i s  t oo  l o w  t o  be used f o r  l a r g e  a i r c r a f t  s t r u c t u r a l  
components. These l a r g e  s t ruc tu res  could have improved l i g h t n i n g - s t r i k e  r e s i s -  
tance and electromagnet ic s h i e l d i n g  c h a r a c t e r i s t i c s  i f  t h e i r  c o n d u c t i v i t y  could 
be improved. 
d u c t i v i t i e s  improved s i g n i f i c a n t l y  by the  process o f  brominat ion prov ided they 
are  s u f f i c i e n t l y  g r a p h i t i c  ( r e f .  3 ) .  
Other, l e s s  g r a p h i t i c  p i tch-based f i b e r s  can a l s o  have t h e i r  con- 
An important p roper ty  o f  any i n t e r c a l a t i o n  compound which hopes t o  ga in  
widespread use i s  i t s  environmental s t a b i l i t y .  I n  t h i s  study, t he  e f f e c t  o f  
g r a p h i t i z a t i o n  on the  environmental s t a b i l i t y  o f  t he  r e s i d u a l  bromine compounds 
o f  var ious graph i te  f i b e r s  i s  examined. This  w i l l  be done by comparing the  
s t a b i l i t y  o f  the res is tance o f  t he  res idua l  bromine compound o f  f o u r  d i f f e r e n t  
grades o f  g raph i te  f i b e r ,  each exposed t o  four  d i f f e r e n t  environments: 
h igh  vacuum (10-6 t o r r ) ,  h igh  humid i ty  (100 percent  a t  60 "C) and h igh  temper- 
a tu re  (up t o  400 O C  i n  a i r ) .  F i n a l l y ,  o ther  cons idera t ions  i n  t h e  a p p l i c a t i o n  
o f  these f i b e r s  as engineer ing ma te r ia l s  w i l l  be discussed. 
ambient, 
METHODS AND MATERIALS 
A l l  f i b e r s  used i n  t h i s  study were  pi tch-based f i b e r s  commercially a v a i l -  
ab le  f rom Amoco ( fo rmer l y  Union Carbjde).  The P-55, P-75, and P-120 brominated 
f i b e r  data are compared w i t h  P-100 f i b e r  data repor ted p rev ious l y  ( r e f .  1) .  
U h i l e  the re  are d i f f e rences  i n  precursors,  process parameters, and heat t r e a t -  
ment temperatures among these var ious grades o f  f i b e r ,  they a re  d i f f e r e n t i a t e d  
p r i m a r i l y  by t h e i r  f i n a l  degree o f  g r a p h i t i z a t i o n ,  which increases w i t h  des ig-  
n a t i o n  number. 
The f i b e r s  were brominated a t  room temperature I n  the  vapor phase us ing  
standard techniques descr ibed elsewhere ( r e f .  1 ) .  A f t e r  t he  f i b e r s  were removed 
from the  bromine they were al lowed t o  e q u i l i b r a t e  f o r  severa l  days i n  ambient 
labora tory  a i r .  I t  i s  t h i s  f i n a l  res idua l  bromine compound whose s t a b i l i t y  
w i l l  be discussed. 
The proper ty  t h a t  was used t o  measure the  s t a b i l i t y  o f  t he  bromine com- 
pound was the  r e s i s t i v i t y .  I n  a d d i t i o n  t o  be ing a p roper ty  t h a t  i s  easy t o  
monitor,  nondestruct ive,  and s e n s i t i v e  t o  changes i n  bromine concentrat ion,  i t  
i s  t he  proper ty  o f  i n t e r e s t  f o r  our intended a p p l i c a t i o n s .  
however, t h a t  r e s i s t i v i t y  i s  n o t  a d i r e c t  measure o f  bromine concent ra t ion  i n  
the  f i b e r .  
I t  should be noted, 
I n d i v i d u a l  f i l amen ts  were mounted on sample holders which contained fou r -  
p o i n t  e l e c t r i c a l  contacts  ( f i g .  1 )  us ing carbon p a i n t  ( S t r u c t u r e  Probe Inc . ) .  
Those f i b e r s  subjected t o  t h e  h igh  temperature t e s t s  were mounted on holders 
made o f  aluminum ox ide w i t h  sput tered p la t i num contacts .  
mounted on holders made from p r i n t e d  c i r c u i t  board m a t e r i a l .  
225 constant cur ren t  source suppl ied 100 PA o f  d t r e c t  cu r ren t  a long the  f i b e r  
through the  outer contacts ,  w h i l e  a K e i t h l e y  model 181 nanovoltmeter measured 
the  vo l tage drop between the  inner  contacts .  
p o l a r i t i e s ,  and averaged t o  cancel out  e lect rochemical  and e lec t ro thermal  
e f fec ts .  
0.2 percent.  The leng th  (about 1 cm) and diameter (about 10 pm) o f  t he  f i b e r s  
was assumed t o  be i n v a r i a n t  throughout the  t e s t s .  
Other f i b e r s  were 
A K e i t h l e y  model 
Voltages were  measured a t  bo th  
The r e l a t i v e  unce r ta in t y  i n  the  vo l tage measurements was about 
The f ibers  were f i r s t  exposed t o  ambient l abo ra to ry  cond i t ions  f o r  long  
per iods of t i m e .  Their res is tances were measured f i r s t  hour ly ,  then d a i l y ,  
then weekly, then monthly, and compared t o  t h e i r  i n i t i a l  values. No spec ia l  
precaut ions were taken t o  keep them i n  a d ry  o r  isothermal  environment. 
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A second group of the  brominated f i b e r s  was s tored i n  a b e l l  j a r  a t  a 
vacuum o f  a t  l e a s t  10-6 t o r r  (10-4 Pa) a t  ambient temperature. 
removed from t h e  b e l l  j a r  t o  measure t h e i r  res is tances and then prompt ly 
re turned.  E f f o r t  was made t o  expose them t o  the  ambient pressure f o r  as shor t  
a t ime as poss ib le .  
The f i b e r s  were 
A t h i r d  group o f  f i b e r s  was subjected t o  a h igh  humid i ty  environment. The 
adverse e f f e c t s  o f  humid i ty  on t r a n s i t i o n  metal  c h l o r i d e  i n t e r c a l a t e d  f i b e r s  i s  
w e l l  documented (see f o r  example, r e f s .  4 and 5) and, a l though humid i ty  e f f e c t s  
were n o t  observed i n  P-100 f i b e r  ( r e f .  1 ) ,  they remain a major concern. Groups 
o f  f i b e r s  were sealed w i t h  p a r a f l l m  I n  beakers conta'ining a l a r g e  r e s e r v o i r  o f  
water.  These were then s tored I n  60 "C i sothermal  chambers. The r e s u l t i n g  
humid i ty  (nea r l y  400 t o r r  o f  water vapor) i s  about f i v e  t i m e s  t h a t  encountered 
a t  room temperature. The f i b e r s  were  removed t o  ambient cond i t ions  and al lowed 
t o  cool  before t h e i r  res is tances were measured. A f t e r  t h e i r  res is tances were 
measured they were q u i c k l y  re turned t o  t he  humid i ty  chamber. 
A group o f  each o f  the  brominated f i b e r  types was placed i n  an a i r  f i l l e d ,  
l a r g e  thermal mass oven se t  a t  100 OC. They were  removed a t  i n t e r v a l s  and 
placed on an aluminum block t o  cool  t o  room temperature be fore  t h e i r  r e s i s t -  
ances were measured. S i m i l a r  t e s t s  were conducted on f i b e r s  a t  150, 200, 250, 
300, 350, 400, and 450 " C .  The la rge  oven and aluminum block minimize the  
heat-up and cool-down t imes. Even a t  450 "C t he re  was less  than 1 min t r a n s i -  
t i o n  t ime each way. The repor ted time 1 s  t h a t  a c t u a l l y  spent a t  the  t e s t  
temperature. 
RESULTS A N D  DISCUSSION 
The r e a c t i o n  o f  bromine w i t h  the P-55 f i b e r s  was q u a l i t a t i v e l y  d i f f e r e n t  
This may be evidence f o r  a th resho ld  
f rom t h e  o ther  f i b e r s .  The r e s i s t i v i t y  o f  P-120, P-100, and P-75 f i b e r s  a l l  
decreased by about a f a c t o r  o f  f i v e  upon brominat ion,  bu t  t he  P-55 f i b e r  r e s i s -  
t i v i t y  on ly  decreased by a few percent. 
g r a p h i t i z a t i o n  below whjch bromination, a t  l e a s t  under our r e a c t i o n  cond i t ions ,  
w i l l  n o t  occur. The brominat ion reac t i on  i s  more f u l l y  discussed elsewhere 
( r e f .  3 ) ,  b u t  t h e  s t a b i l i t y  o f  the  brominated P-55 f i b e r  a l so  has q u a l i t a t i v e l y  
d i f f e r e n t  fea tures  which w i l l  be discussed below. 
The res is tance o f  a l l  four  brominated f i b e r  types proved t o  be i n v a r i a n t  
a t  ambient temperature and humid i ty  f o r  a t  l e a s t  8 months. The l a r g e s t  changes 
i n  res is tance over t h i s  t i m e  were o f  t h e  order o f  a few ten ths  o f  a percent,  
and showed no t rend.  This i s  undoubtedly a measure o f  t h e  no ise  o f  our 
measurlng methods. 
The h igh  humid i ty  envlronment had no e f f e c t  on the  brominated f i b e r  r e s i s -  
t i v i t i e s  f o r  a t  l e a s t  7 months. Once again any changes over t h i s  per iod  o f  
t i m e  uere l ess  than ? percext.  L!nl!ke many o f  t h e  trans!t!nn metal c h l n r l d e s  
graph i te  i n t e r c a l a t i o n  compounds which are  very hygroscopic, brominated graph- 
i t e  does n o t  draw water f rom the  a i r  ( r e f .  4 ) .  I t  i s  t he  reac t i on  o f  t he  com- 
pound w i t h  water t h a t  leads t o  increased r e s i s t i v i t y  ( r e f .  5 ) .  
The res is tances o f  t he  brominated P-75, P-100, and P-120 f i b e r s  were 
unchanged a f t e r  a t  l e a s t  2 months exposure t o  the  vacuum environment. Bromin- 
a ted  P-55 f i b e r s ,  however, experienced a decrease i n  r e s i s t i v i t y  when exposed 
t o  the  vacuum. This i s  cons i s ten t  w i th  i n  s i t u  behavior which shows a decrease 
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when the  f i b e r s  a re  removed from the  bromine ( r e f .  3 ) .  Vacuum cont inues t o  
draw out  t he  bromine which f u r t h e r  lowers t h e  r e s i s t i v i t y  of t he  f i b e r .  Why 
loss  o f  bromine r e s u l t s  i n  a decrease i n  the  r e s i s t i v i t y  of P-55 f i b e r s  remains 
unc lear  a t  t h i s  t i m e .  
There were marked d i f f e rences  i n  the  thermal s t a b i l i t y  o f  t he  res idua l  
bromine compound o f  each o f  t he  fou r  f i b e r  types.  I t  should be noted t h a t  t he  
res is tance r a t i o  ( res is tance,  R / i n l t l a l  res is tance,  R o )  f o r  p r i s t i n e  P-55, 
P-75, P-100, and P-120 f i b e r s  shows no s i g n i f i c a n t  increases a t  temperatures as 
h igh  as 400 "C. 
The res is tance r a t i o  o f  brominated P-55 f i b e r s  as a f u n c t i o n  o f  t ime 
exposed t o  h igh  temperatures i n  a i r  ( f i g .  2) shows d i f f e r e n t  behavior.  A t  
temperatures o f  300 "C and below the  res is tance o f  t he  f i b e r s  drops about 
4 percent w i t h i n  the  f i r s t  30 min. 
more hours and probably i n d e f i n i t e l y .  This i s  cons i s ten t  w i t h  the  exp lanat ion  
g iven above f o r  t h e  behavior under vacuum; t h a t  i s ,  bromine i s  being d r i v e n  
f rom the  surface which lowers the  r e s i s t i v i t y  o f  the  f i b e r s .  A t  h igher  temper- 
a tu res  the  res is tance behavior begins t h e  same way, bu t  then ox ida t i on  o f  t he  
f i b e r  causes t h e  res is tance t o  increase f u r t h e r .  
I t  remains a t  t h i s  value f o r  a t  l e a s t  24 
When t h e  thermal s t a b i l i t y  o f  P-75 f i b e r s  i s  examined ( f i g .  
t i o n a l  form more c lose ly  resembles t h a t  repor ted e a r l i e r  ( r e f .  4 
a ted P-100 f i b e r s  ( f i g .  4) .  When t h e  thermal s t a b i l i t y  o f  P-120 
( f i g .  5) i s  added t o  the  ana lys is ,  t he  t rends become c l e a r .  For 
g r a p h i t i c  than a c e r t a i n  th resho ld  value (somewhere between P-55 
thermal s t a b i l i t y  o f  the  bromine compound decreases w i t h  increas 
t i o n .  This can be i l l u s t r a t e d  by comparing the  r e l a t i v e  thermal 
t he  f i b e r s  a t  a g iven temperature such as 350 "C ( f i g .  6) .  . 
3) ,  t he  func- 
f o r  bromin- 
f i b e r s  
f i b e r s  more 
and P-75), t he  
ng g r a p h i t i z a -  
s t a b i l i t i e s  o f  
Another way t o  v i s u a l i z e  the  e f f e c t s  o f  g r a p h i t i z a t i o n  i s  t o  compare t h e  
res is tance r a t i o  o f  t h e  brominated compounds o f  t h e  fou r  f i b e r  types as a func- 
t i o n  o f  temperature a f t e r  a g iven exposure t ime ( f i g .  7 ) .  It i s  obvious from 
t h i s  p l o t  t h a t  increased g r a p h i t i z a t i o n  r e s u l t s  i n  l o w e r  temperature s t a b i l i t y .  
An impor tant  proper ty  i s  the  temperature above which h igh  temperature exposure 
i n  a i r  r e s u l t s  I n  a degradat ion o f  t he  e l e c t r i c a l  p roper t i es .  For P-120 t h a t  
temperature i s  between 100 and 150 "C,  f o r  P-100 i t  I s  between 200 and 250 "C,  
and f o r  P-75 i t  i s  between 250 and 300 "C.  
I t  i s  important t o  keep i n  perspec t ive  t h a t  t he  res is tance r a t i o  charac- 
t e r i z e s  the  change i n  res is tance from the  s tab le  res idua l  bromine compound. I t  
should be noted t h a t  the  i n i t i a l  r e s i s t i v i t i e s  o f  the  var ious grades of f i b e r s  
a r e  d i f f e r e n t .  Perhaps f o r  the  app l i ca t i ons  engineer a more usefu l  p l o t  would 
be o f  mean r e s i s t i v i t y  ar a func t i on  of temperature a f t e r  a g!vw exposure 
t ime ( f i g .  8 ) .  This p l o t  reveals  t h a t  even r e l a t i v e l y  l a rge  res is tance r a t i o  
changes a c t u a l l y  represent  ra the r  small r e s i s t i v i t y  changes. P r i s t i n e  f i b e r  
r e s i s t i v i t i e s  are inc luded f o r  comparison. 
Perhaps the grea tes t  impediment t o  t he  u t i l i z a t i o n  o f  these f i b e r s  by 
i n d u s t r y  i s  t h e i r  r e l a t i v e l y  h igh  p r i c e .  A p l o t  o f  cu r ren t  r e t a i l  p r i c e  (1986) 
as a f u n c t i o n  o f  r e s i s t i v i t y  i s  r evea l i ng  ( f i g .  9 ) .  Note t h a t  a premium i s  
pa id  f o r  smal l  increments i n  r e s i s t i v i t y  improvement below the  1000 pR-cm 
l e v e l .  Bromination can s i g n i f i c a n t l y  enhance the  p r i c e  per  r e s i s t i v i t y  l e v e l  
a t  p ro jec ted  value added costs,  bu t  on ly  f o r  h i g h l y  g r a p h i t i c  f i b e r s .  
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CONCLUSIONS 
The r e s i d u a l  bromine compounds can be formed w i t h  h igh  modulus pitch-based 
f i b e r s .  There seems t o  be a threshold g r a p h i t i z a t i o n  f o r  bromine compounds 
t h a t  f a l l s  between t h a t  o f  P-55 f i b e r s  and P-75 f i b e r s ,  t h a t  i s ,  f i b e r s  w i t h  a 
g r a p h i t i z a t i o n  o f  P-75 f i b e r s  and b e t t e r  r e a d i l y  brominate, whereas those w i t h  
a g r a p h i t i z a t i o n  below t h a t  do not .  The P-75, P-100, and P-120 f i b e r s  a l l  form 
brominat ion compounds which a re  s tab le a t  ambient condi t ions,  under vacuum, and 
under h igh  humid i ty  (100 percent humidity a t  60 "C). The thermal s t a b i l i t y  o f  
t h e  r e s i s t i v i t y  increases w i t h  decreasing g r a p h i t i z a t i o n ,  w i t h  t h e  s t a b l e  
temperature f o r  P-120 being 100 "C;  f o r  P-100, 200 "C;  and f o r  P-75, 250 "C.  
Although t h e  res i s tance  r a t i o s  appear l a r g e  i n  some o f  the h igh  temperature 
t e s t s ,  t h e  ac tua l  change i n  r e s i s t i v i t y  I s  o f t e n  r e l a t i v e l y  small .  When c o s t  
i s  a considerat ion,  brominat ion o f  pitch-based f i b e r s  i s  an economical way t o  
achieve low r e s i s t i v i t i e s .  
P-55 f i b e r s  d i d  no t  form a res idual  bromine compound t h a t  resu l ted  i n  a 
l a r g e  decrease i n  f i b e r  r e s i s t i v i t y .  The P-55 bromine compound res is tance was 
unaf fected by humidl ty,  bu t  a c t u a l l y  decreased s l i g h t l y  i n  vacuum and when 
heated i n  a i r .  
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Figure 1. - Four po in t  measurement  sample holder 
of t h e  type used in the stabi l i ty  studies. 
TEMPERATURE, 
OC 
-Graphi t  
f iber  
P l a t i n u  
e 
m 
o r  copper 
s t r i ps  
. 9  
0 5 10 15 20 25 
TIME, HR 
TIME FOR BROMINATED P-55 FIBERS EXPOSED TO INDICATED 
TEMPERATURES. VERTICAL LINES INDICATE THE SAMPLE 
STANDARD DEVIATION. 
FIGURE 2.- AVERAGE CHANGE IN RESISTANCE RATIO (R/Ro) WITH 
0 
e 
0 
\ crc 
1.4 
1.3 
1.2 
1.1 
1.0 
I- r TEMPERATURE, 
% I 
400 7, 
\ 
\ 
L 
350 -, 
I \ I 
300 -, 
I 
I 
I I 
250 -' 
. 9  
0 5 10 15 20 25 
TIME, HR 
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FIGURE 4.- AVERAGE CHANGE I N  RESISTANCE R A T I O  (R/R,,) WITH 
TIME FOR BROMINATED P-100 FIBERS EXPOSED TO INDIVCATED 
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FIGURE 5.- AVERAGE CHANGE I N  RESISTANCE RATIO (R/Ro) WITH 
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FIGURE 9. - RESISTIVITY OF SEVERAL GRADES OF PRISTINE AND 
BROMINATED CARBON AND GRAPHITE FIBERS AS A FUNCTION OF 
COST ( 1986). 
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